In recent years, several studies have been performed using nanocellulose as a component in polymeric nanocomposites. The interest in studying cellulose-based nanocomposite is due to the abundance, renewable nature, and outstanding mechanical properties of this nanoparticle. However, obtaining nanocomposites based on nanocellulose, with optimal properties, requires good nanoparticle dispersion in the polymeric matrix. The chemical compatibility between nanofiller and polymer plays a major role in both the dispersion of particles in the matrix and the adhesion between these phases. The aim of this review is to present the fundamental concepts about nanocellulose, such as its structural aspects, production methods and current trends in classification, and the main aspects about cellulose-based nanocomposites, including the progress that has been reached in relation to their compatibilization, production, final properties and potential applications.
Introduction
The number of research studies on polymeric materials from renewable natural sources has been growing markedly in recent years [1] . Interest in these materials is directly related to an obligation to reduce society's dependence on materials obtained from fossil sources [2] [3] . In addition, these renewable materials also exhibit of cellulose microfibrils and approximately 97% water, called pellicle, on the surface of the liquid medium [56] [57]. The bacterial cellulose can be produced in both synthetic and non-synthetic medium through oxidative fermentation [58] . Generally, the bacteria actively fermented at pH 3 -7 and 25˚C -30˚C, using saccharides as carbon source [59] .
The biosynthesis of bacterial cellulose occurs in culture solutions, in a bioreactor, in which bacteria secrete cellulose microfibrils, producing an interwoven web of fibrils that is a hydrogel [56] [57] [60] [61] . These hydrogels are composed of a network of entangled cellulose microfibrils formed due to the random movement of the bacteria [61] .
After the biosynthesis, the produced cellulose pellicles are washed by boiling in a low concentration (2%) NaOH bath for several hours, after which it is rinsed under running water for several days in order to remove the bacteria. Posteriorly, the water is removed either by evaporation or a combination of pressing and evaporation collapses the gel-network and produces a dense film (1.0 g•cm 3 ). The resulting films have a through-film thickness made up of many parallel stackings of thin cellulose sheets, or layers, each consisting of a dense microfibril network [62] - [64] .
The cellulose microfibril morphology and the network configuration within the pellicle can be changed by variation in culture conditions such as bacteria type [56] , carbon source [65] nutrients [57] , temperature [57] , pH [57] and agitation [56] [66] . The changes in microfibril morphology and network configuration make possible alter the properties of the pellicle and the engineered bacterial cellulose materials [66] .
In relation to agitation conditions, fermentation of bacterial cellulose production can be conducted in either static or stirred conditions. Different forms of cellulose are produced under these conditions. Three-dimensional interconnected reticular pellicle was reported under static condition while stirred condition produced irregular shape sphere-like cellulose particle [67] . The sphere-like cellulose particle has lower crystallinity, mechanical strength and degree of polymerization compared to pellicle from static culture [68] .
Carbon source can affect the bacterial cellulose production. In general, glucose has been used as a carbon source for cellulose production by Acetobacter xylinum. It has been reported, however, that cellulose was also synthesized from other carbon sources, such monosaccharides, oligosaccharides, starch, alcohol and organic acids [69] - [73] . Fructose and glycerol gave almost the same cellulose yield as glucose [74] . However, galactose and xylose generated smaller yields, mostly because of slower growth rates [75] . The microfibrils obtained from xylose are also less regular than those obtained from glucose.
The usage of glucose as carbon source is associated with the formation of gluconic acid as by-product, which decreases the pH of the culture and negatively affects the quantity of bacterial cellulose production [58] . The amount of cellulose from D-arabitol by Gluconacetobacter was more than 6 times as much as that from D-glucose in the work of Oikawa, Morino and Ameyama [59] . In D-arabitol medium, the final pH did not decrease and D-gluconic acid was not detected, this seems to be one of the reasons for high productivity of cellulose from D-arabitol. On the other hand, the presence of antioxidant and polyphenolic compounds manages to inhibit the gluconic acid formation [76] .
Medium supplementation with some nutrients can also affect the production of bacterial cellulose. For instance, nitrogen and phosphorus sources have been shown to increase bacterial cellulose production [77] .
The possibility to change the culture conditions consists in an advantage of bacterial derived cellulose microfibrils, because this can alter cellulose properties such microfibril formation and crystallization [78] [79] .
In addition, when cellulose is synthesized by an Acetobacter strain, the produced biopolymer is devoid of other contaminating polysaccharides and its isolation and purification are relatively simple, not requiring energy or chemical intensive processes [80] . Moreover, environmental problems due to byproducts of wood pulping have been given an added impetus to study unexplored sources of cellulose [81] .
Tunicate Cellulose
Tunicates are the only animals known to perform cellulose biosynthesis. The current hypothesis about the synthesis of cellulose by tunicates is that a horizontally acquired cellulose synthase gene of bacterial origin might have contributed to the establishment of this unique characteristic [82] . Tunicates are a family of sea animals that have a mantle or tunic, which is integumentary tissue consisting of cellulose microfibrils embedded in a protein matrix [27] [83] . This mantle is used as a source of cellulose microfibrils in their mature phase. The tunic contains approximately 60% cellulose, 27% nitrogen-containing components and, approximately 90% water in the fresh condition [84] .
The cellulose in the tunic is aggregated in the form of microfibrils similar to those of plant cellulose [85] . Cellulose microfibrils in tunicates are deposited in a multilayered texture with a bundled structure parallel to the epidermis [86] . There are many species of tunicates, and the cellulose microfibril structure and properties are expected to be comparable between these species, but there may be small differences in the cellulose microfibril formation process which may be reflected in the resulting microfibril structure [87] .
Many studies have been conducted to isolate tunicate cellulose using different methods. All of them involve as first step the separation of cellulose mantles from the rest of the organs.
The tratment of tunicate mantles with KOH solution at an elevated temperature have been used to isolate cellulose [88] - [90] .
The isolation of tunicate cellulose was described by Zhang et al. [90] . In this method the cellulose mantles separated from the rest of the organs were cut into small pieces and soaked in a 10 wt% KOH solution for 24 h followed by washing and then bleached at 60˚C with 30 mL of NaClO in 1 L of acetic buffer for 24 h, and the resultant white mantles were washed till neutrality. After this procedure, the obtained material was hydrolyzed with sulfuric acid in order to obtain cellulose nanocrystals.
Nakashima, Sugiyama and Satoh [82] obtained the cellulose from adult specimens of the tunicate Ciona intestinalis. After the surgical removal of the tunic, the samples were drying at 60˚C and then, treated with potassium hydroxide. After neutralization with acetic acid, the samples were bleached with NaClO 2 . After being washed with distilled water, the samples were treated with acetic acid/nitric acid aqueous solution at 95˚C for 30 min, washed with distilled water again, and freeze-dried to produce chemically purified cellulose.
Similar methods were described by many authors [91] - [98] . These authors also used a combined treatment with NaOH/KOH solution at an elevated temperature, followed by treatment with a NaClO 2 solution.
Cellulose microfibrils from tunicate were isolated from an enzymatic process by Wardrop [99] . The method was carried out by using pepsin as a proteinase for 16 hours, followed by cellulase for 16 hours.
The cellulose produced from tunicates has taken special interest of these years, due to its preparation, which requires only mild chemical and enzymatic treatment. [85] . In addition, tunicates have the potential to produce nearly defect-free cellulosic nanocrystals with relative purity [100] . Due to these characteristics, many studies have evaluated the isolation and use of tunicate cellulose in a variety of ways [101] - [111] .
Algae Cellulose
Algae are phototrophs that occur in freshwater and marine environments. Algae can vary from small unicellular microalgae, such as cyanobacteria and diatoms, to large multicellular macroalgae, such as giant kelp [112] . They live principally on coastal rocks and shallow seas [113] .
Several species of algae produce cellulose microfibrils within the cell wall. Cellulose is composed of xylem and manna found in green algae (Cladophora and Valonia), brown (Phaeophyta) and red algae (Rhodophyta) and serves as the structure of the cell wall of polysaccharides in algae [114] .
In land plants, cellulose is the only skeletal polysaccharide, which mostly provides the tensile strength of the cell wall [115] . In marine algae, cellulose is present in a smaller and more variable proportion than in higher plants. In both red and brown algae, the cellulose content is rather low [116] . Most green algae have a cellulosic cell wall, with high cellulose content, ranging up to 70% of the dry weight [117] . The cellulose content in the cell walls of green algae is of the same order of magnitude as that of wood [118] .
There are considerable differences among the cellulose microfibril structures produced by many algae species. These differences are caused by variations in the biosynthesis process of the cellulose microfibrils [27] .
In some green algae, native cellulose is the major component of their cell walls. These algae belong those of the Cladophorales and Siphonocladales orders [119] . The cellulose derived from these groups of green algae, for example, from Valoniaor Cladophora, is featured with an exceptionally high degree of crystallinity [120] - [122] and extensive surface area [121] . On the other hand, there are some green algae, such as Spongomorpha, in which the cell walls contain a large quantity of mercerized like cellulose, which is presumably a derivative of native cellulose [119] . This cellulose has a low degree of crystallinity, and the chains are randomly oriented.
The natural reason for the presence of highly crystalline cellulose microfibrils in the cell walls of many marine green algae is not clear. It has been suggested that strong microfibrils may be needed to maintain the turgor (i.e., osmotic pressure inside cells) in an environment that features fluctuating salinity [123] .
Cellulose microfibril from green algae have been obtained and studied by many researchers. Some of the most frequently studied species used in these researches have been Micrasterias denticulate [124] [125] , Micrasterias rotate [124] , Valonia [126] - [129] , Caldophora [129] and Boergesenia [129] .
The isolation of cellulose from algae requires some steps, which includes a pretreatment of algal cellulose sources. These pretreatments typically involve culturing methods, and then purifying steps for removal of algal wall matrix material [27] . Cellulose nanoparticles can be extracted from the cell wall of algae by acid hydrolysis and mechanical refining.
A procedure for obtaining cellulose from Cladophora green algae and Algiflor brown algae was described by Mihranyan et al. [130] . In this method, samples of each algae type were bleached with NaClO 2 in acetic buffer. The mixture was diluted and stored in a water-bath for 3 h at 60˚C. Then, the product was washed until neutrality. A solution of NaOH was added to the remainder, and the resultant product was stored at 60˚C in a water-bath overnight. The resultant pulp was washed till neutrality, filtered, and dried at room temperature. Dry, purified algae were ground prior to acidic hydrolysis. After this process, the remainder was washed till neutrality, filtered and spray-dried. This method to obtain algae cellulose was also employed by Mihranyana Edsmana and Strømme [131] in their investigation of the rheological properties of cellulose hydrogels prepared from cellulose powder of Cladophora algae, and by Gelin et al. [132] in their work about electrochemical properties of a composite based on polypyrrole and cellulose from Cladophora algae.
Cellulose was isolated from Enteromorpha green algae by Jmel et al. [133] in order to investigate its physical-chemical properties and enzymatic functionalization. In this method, extractives and lipids were first of all eliminated from the dried ground algae by Soxhlet extraction using ethanol as solvent. Ulvan, a sulfated polysaccharide, was then extracted by adding distilled water containing ammonium oxalate to the defatted algae. The mix was then heated for one hour between 90˚C and 100˚C. The algae was washed and then bleached in a mix of acetic acid and NaClO 2 . In the final step of the extraction, algae were treated with NaOH. The insoluble fraction was then washed until neutrality and dried. The obtained powder was then treated with hydrochloric acid. The extracted cellulose was washed until neutrality and finally dried.
Cellulose Particles Type
In the literature, there is a variety of terms used in reference to cellulose particles. Occasionally, the same term is used to designate different materials, and this can cause uncertainty with respect to the classification of the cellulose particle. This is due to the fact there is not yet a nomenclature standard for these materials. In this review, the current trends in cellulose particle terminology and classification are discussed.
Cellulose particles can be differentiated from one another based upon size, aspect ratio, morphology, crystallinity, crystal structure, and properties. These characteristics are a consequence of the cellulose source and the particle extraction methods used.
The principal terms used to describe cellulose-based particles are cellulose microcrystalline (MCC), microfibrillated cellulose (MFC), nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC), bacterial cellulose (BC), and algae cellulose (AC).
The term MCC is used to refer to a highly crystalline structure composed of bundles of multi-sized cellulose microfibril aggregates that are strongly hydrogen bonded to one another [42] . MCC is typically derived by sulfuric acid treatment of bleached kraft wood fibers, resulting in partial depolymerization of their amorphous regions. The acid treatment is followed by a series of washing and drying steps. This process produces a fine powder with particle sizes ranging between 10 -50 µm in diameter [27] . MCC is a commercially available material used for pharmaceutical and food industry applications [27] [42] . In recent years, this material has also been utilized as reinforcement filler in polymer composites. Figure 2 shows a scanning electron microscope (SEM) image of MCC.
MFC is a material consisting of particles that contain multiple elementary fibrils with an extremely high surface area, a high aspect ratio (10 -100 nm wide and 0.5 -10 mm in length), and segregated amorphous and crystalline regions [27] [134]- [136] . MFC is produced from highly purified wood and plant fiber pulp by using mechanical process using high shear forces. MFCs have been utilized as thickening agents in the food and cosmetics industries.
Several other terminologies have been used for many authors to designate this cellulose particle type. Some of the most common names found are nanocellulose, microfibrillar cellulose, microfibrillized cellulose, nanofibrillated cellulose, nanofibrillar cellulose, nanoscale fibrillar cellulose and cellulosic fibrillary fines [27] [42] [137]- [141] . NFC particles are finer cellulose fibrils produced when specific techniques to facilitate fibrillation are incorporated in the mechanical refining of cellulosic sources such as wood and plant fiber. NFC is a material that presents high aspect ratio (4 -20 nm wide, 500 -2000 nm in length), and contains both amorphous and crystalline regions [27] . NFC particles are similar to those of MFC. The difference between NFC and MFC is based on the fibrillation process that produces finer particle diameters. In the literature, there may some confusion between MFC and NFC terminology, which are sometimes used interchangeably [27] .
CNCs are rod or whisker shaped particles seen in the crystalline regions of the cellulose fibrils produced by acid hydrolysis of wood fibers, microcrystalline cellulose and microfibrillated cellulose [142] - [144] . CNCs are highly crystalline particles with high aspect ratios (3 -5 nm wide, 50 -500 nm in length). These nanoparticles can also be produced by acid hydrolysis of tunicates [27] [145] . The advantage of CNCs derived from this source is that they are highly crystalline, and have the highest aspect ratio of any cellulose nanofiber. The ribbon-shaped CNCs from tunicates have typical aspect ratios between 70 and 100, and crystallinities ranging from 85% to 100%. Cellulose nanocrystals have been also called whiskers [3] [11] [103] [146]- [150] , rod-like cellulose microcrystals [151] , nanowires [106] [152] and nanowhiskers [153] - [156] .
Cellulose is also produced by several kinds of bacteria belonging to the genera Acetobacter, Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium, and Sarcina [157] . BC is secreted extracellularly as a ribbon-shaped fibril less than 100 nm in width, which is comprised of much finer 2 -4 nm nanofibrils [63] [158] . This material is produced in the form of a cellulose membrane with high purity. In contrast to cellulose isolated from plant-based sources, BC does not require any secondary chemical treatments to remove polymers such as lignin or hemicelluloses, as is the case for cellulose isolated from lignocellulosic sources [159] [160] .
AC particles are comprised of microfibrils. The resulting microfibrils extracted from bacteria are microns in length and have large aspect ratios (greater than 40). When algae-derived cellulose is subjected to acid hydrolysis, the resulting nanocellulose is highly crystalline and similar to the nanocrystals obtained from wood sources. Although AC does not have the same rod-like appearance, the nanofibrils are approximately 20 nm wide and comparable in length (>1 µm) to those of wood-based cellulose [43] [161] [162] .
Isolation of Cellulose Nanoparticles
There are several approaches to isolate cellulose nanoparticles, including mechanical treatment [42] [171] . These methods can be used separately or in combination to obtain the desired particle morphology.
Acid Hydrolysis
The main processes for isolating cellulose nanofillers are chemical, and consist of using strong acids to promote a hydrolysis of the amorphous regions of cellulose [7] [29] .
In this process, the amorphous regions are preferentially hydrolyzed, whereas the crystalline regions remain intact under the acid attack. This behavior occurs due a higher resistance to acid attack in the crystalline regions than those in the amorphous regions. Thus, the amorphous regions are first hydrolyzed [172] [173] . The differences in the kinetics of hydrolysis between the amorphous and crystalline regions produce a material with a high degree of crystallinity [173] . Acid hydrolyses of cellulose induces a rapid decrease in its degree of polymerization, and consequently leads to the production of nanosized particles through a reduction in the cellulose chains size. The resulting nanoparticles produced are called whiskers or cellulose nanocrystals. Acid hydrolysis has been used to extract the crystalline particles from a variety of cellulose sources, such as wood, tunicate, algae, bacteria, and from microcrystalline cellulose. [179] have isolated nanocrystals from the commercial MCC. The obtaining of nanocrystals from lignocellulosic sources requires a series of treatments, which are dispensed when commercial MCC is used as source to produce the cellulose nanoparticles.
The isolation of cellulose from lignocellulosic sources, including wood, sugarcane, coconut, etc., involves many processes. The lignin and hemicellulose are selectively removed from the fiber by thermal, chemical, physical, and biological methods, or by a combination of any of these methods, depending on the required degree of separation and the purpose for which they are intended [46] . When using MCC, the process of obtaining nanocrystals begins with hydrolysis, followed by final steps for isolating the nanofillers.
In this process, the cellulosic source selected to produce the nanoparticles is mixed into deionized water with a given concentration of acid, for example sulfuric or hydrochloric acid are generally used. After the addition of the acid, the resulting mixture is subjected to strictly controlled conditions of temperature, agitation, and time. After the reaction, the generated suspension containing the cellulose nanocrystals undergoes a series of separation steps, including centrifugation or filtration, and washing or rinsing steps. The last washing step is conducted using a dialysis against deionized water to remove the remaining acid and neutralized salts. Ultrasonic treatments can be used to facilitate the dispersion of CNC in the suspension. To obtain powdered CNC, the suspension can be freeze-dried after the dialysis procedure.
Sulfuric acid in a concentration of 64 to 65 wt% has been used in most studies for the isolation of cellulose whiskers [18] [182] . Acidic hydrolysis using hydrochloric acid is less common compared to hydrolysis with sulfuric acid, but has also been used in some studies [167] [183] [184] . The temperature can range from room temperature to 70˚C, and the reaction time can vary from 30 minutes to 8 hours, depending on the temperature used in the reaction [185] .
When submitted to acid hydrolysis, the cellulose fibers yield stable aqueous suspensions of nanocrystals because of the presence of negative charges on the surface of produced material during the hydrolysis process. Stable suspension can be also formed when cellulose nanocrystals are dispersed in organic medium (Figure 3 ).
Enzymatic Hydrolysis
Cellulose nanocrystals may also be obtained through enzymatic hydrolysis, which is carried out using cellulases [42] . Similar to acid hydrolysis, the treatment used to obtain the nanofiller is based on the enzymatic attack of amorphous regions of the cellulose substrate, while maintaining the crystalline regions [42] . Henriksson et al. [186] employed an enzymatic treatment to isolate cellulose nanoparticles, where they treated wood-bleached pulp with the endoglucanase enzyme. They reported that such treatment made it easier to separate the material into micro-fibrillated cellulose (MFC) under mechanical shearing when compared to the isolation of the nanofibers obtained by acid hydrolysis. Further, Paakko et al. [187] found that by using a combination of enzymatic hydrolysis and mechanical shearing, it was possible to liberate the relatively long, rod-like cellulose units. Additionally, Janardhnan and Sain [188] studied the effect of enzymatic treatment of wood fibers with the purpose to isolating micro-fibrillated cellulose. In this study, it was observed that enzymatic hydrolysis made it possible to achieve smaller particles after refining through high shear than those that were not subjected to enzyme treatment.
Tang et al. [189] have used combined acid hydrolysis, enzymatic hydrolysis and sonication processes to produce CNC from old corrugated container pulp fiber. Results showed that the enzymatic treatment led to the increased crystallinity and thermal stability of CNC and was effective in enhancing the CNC yield after phosphoric acid hydrolysis. In the absence of enzymatic treatment, the CNC yield was 13.3%; while the enzymatic treatment for 1, 12, 24 and 36 h made the CNC yield increased by 17.33%, 21.12%, 23.47% and 23.98%, respectively, which, according to the authors, would greatly facilitate the economics of the industrial CNC production.
Recently, a novel approach to study of enzymatic activity of cellulases was used by Turon, Rojas and Deinhammer [190] . The researchers monitored the cellulose-cellulase interactions using a quartz crystal microbalance. Real-time measurements of the coupled contributions of enzyme binding and hydrolytic reactions were fitted to a kinetic model, which described the cellulase activities. This work demonstrated the remarkable difference in the time required to hydrolyze amorphous and crystalline films of cellulose.
According to Ahola et al. [191] , a cost-effective conversion of cellulose via enzymatic fermentation requires detailed knowledge of the surface chemistry of the available forms of cellulose and the specific interactions between the enzymes and these substrates.
Mechanical treatment
Mechanical processes, such as high-pressure homogenization [163] [192] [193] , microfluidization [193] - [195] , cryocrushing [193] [196] - [198] , high-intensity ultrasonic treatments [166] [199]- [201] , and other processes have been used to extract cellulose fibrils from microcrystalline cellulose, wood, tunicate, algae, and bacterial source materials.
Generally, these processes produce high shear, which causes transverse cleavage along the longitudinal axis of the cellulose microfibrillar structure, resulting in the extraction of long cellulose fibrils, also called microfibrillated cellulose. Among these processes, those based on the use of high-pressure homogenizer and microfluidizer equipment are most used in extracting MFC from pulp fibers [202] .
The high-pressure homogenization process consists of passing a cellulose slurry into a vessel through very small nozzle at high-pressure. High velocity and pressure produced in the process, as well the impact of the shear forces on fluid generate shear rates in the stream, therefore decreasing the size of fibers into the nanoscale [203] . This process has been used by many researchers as a strategy to break up cellulosic fibers into nanosized component structures, often in combination with other treatments [187] [198] [204]- [210] .
Lee et al. [211] produced cellulose nanofibrils using MCC as the starting material through an application of a high-pressure homogenizer at 20,000 psi and treatment consisting of 0, 1, 2, 5, 10, 15, and 20 passes. The characterization of the morphology of the material obtained was carried out by scanning electron microscope. The results showed that both the complete fibrillation of the bulk cellulose fibrils to nanoscale and the high aspect ratio was accomplished through the homogenization process.
Zimmermann et al. [192] separated nanofibrillated cellulose in lengths and diameters below 100 nm from different starting cellulose materials by mechanical dispersion and a high-pressure, of up to 1500 bar, homogenization processes. The treatment resulted in nanoscaled fibril networks.
Davoudpour et al. [209] used a response surface methodology to determine the effects of high-pressure homogenization parameters, specifically pressure and number of cycles, on the isolated yield, crystallinity, and diameter of kenaf bast cellulose nanofibers. The linear terms for the pressure and homogenization cycles had significant effects on the yield of cellulose nanofibers, crystallinity, and diameter, whereas the interaction between the pressure and homogenization cycles had a significant effect on the crystallinity of cellulose nanofibers. The optimized experimental conditions were defined as a homogenization pressure of 56 MPa, 44 P homogenization cycles, and a 0.1 wt% fiber suspension concentration. This set of conditions generated cellulose nanofi-bers with yield of 89.9%, a degree of crystallinity of 56.5% and diameter of 8 nm.
Wang et al. [212] produced nanocellulose by dissolving cotton cellulose in an ionic liquid of 1-butyl-3-methylimidazolium chloride, and then subjecting the material to a high-pressure homogenization at 80 MPa for 30 cycles. The resulting nanocellulose presented dimensions of 20 nm in diameter, as well as a lower thermal stability and crystallinity index. These results showed significant modifications in both the structure and texture treated by high-pressure homogenization. According to this study, a possible explanation was that numbers of hydrogen bonds decreased due to the treatment.
High-pressure homogenization can be considered an efficient method for refining cellulose fibers, because of its high efficiency, simplicity, and lack of organic solvents [213] . However, one of the most important aspects, which can be observed in this process, is that the small size of the orifice of the instrument can cause clogging. Thus, it is necessary to reduce the fiber size before passing samples through the system in order to overcome this limitation.
Similar to the high-pressure homogenization process, microfluidization can also be used to produce micro-fibrillated cellulose. A microfluidizer includes an intensifier pump to increase the pressure, as well as an interaction chamber to defibrillate the fibers through shear and impact forces against the colliding streams and the channel walls [214] .
Lee et al. [215] evaluated the effect of time of passing MCC through a microfluidizer at 137.9 MPa on the morphology of cellulose nanofibrils. Results demonstrated that after 10 -15 times of passing the material through the equipment, the aspect ratio of the cellulose fiber bundles increased, whereas additional passes led to the agglomeration of cellulose fibrils, which was attributed to the increase in surface area, and therefore, a higher concentration of hydroxyl groups was found.
Spence et al. [216] conducted a comparative study on the consumption of energy and physical properties of micro-fibrillated cellulose obtained through different processing methods. The MFC was used to produce films. In this research, the cellulose source was processed by homogenization, microfluidization, and micro-grinding, in order to determine the effect of processing on the micro-fibril and film properties, relative to energy consumption. This research has demonstrated that, compared to homogenization, microfluidization with a refining pretreatment and the micro-grinding of wood fibers are production methods that require less energy, and the resulting MFC produced films with improved mechanical properties.
High-intensity ultrasonication is a mechanical process in which oscillating power is used to isolate cellulose fibrils through the hydrodynamic forces of ultrasound [217] . During the process, cavitation leads to a powerful mechanical oscillating power and therefore, high intensive waves, which consists of formation, expansion, and implosion of microscopic gas bubbles when molecules absorb ultrasonic energy [218] . High-intensity ultrasonic treatments generally have been reported to yield shorter, less fibrillar particles of nanocellulose in some cases [187] [219], though thin whiskers were obtained by others following sonication [220] .
Structural and functional changes in ultrasound irradiated cellulose have been reported by Liu et al. [221] . These authors reported that the controlled depolymerization of cellulose from plant source can be achieved by employing suitable ultrasonication settings.
Chen et al. [218] individualized cellulose nanofibers from poplar wood in two distinct stages. Initially wood fibers were subjected to a chemical process to eliminate lignin and hemicellulose. Then these fibers were mechanically separated into nanofibers using high-intensity ultrasonication. The diameter distribution of the resulting nanofiber was dependent on the power output of the ultrasound. Microscopy analyses showed that the diameter of the nanofibers was between 5 and 20 nm when the ultrasonic output power was greater than 1000 W.
Wang and Cheng [200] evaluated the effects of temperature, concentration, size, time, power and distance from probe tip on the degree of fibrillation of some cellulose fibers using high-intensity ultrasonication. They reported that higher fibrillation was caused by higher power and temperature, while longer fibers had lower fibrillation. On the other hand, neither the concentration nor an increased distance between the probe and beaker proved advantageous for fibrillation.
Li and Liu [222] prepared nanocrystalline cellulose via ultrasound and investigated its reinforcement capability for poly (vinyl alcohol) (PVA) composites. The results showed that was possible to obtain nanocrystalline cellulose using the purely physical method of high-intensity ultrasonication. The obtained nanocrystalline cellulose had diameters between 10 and 20 nm and lengths between 50 and 250 nm. The progressive increase ultrasonication duration promoted a decrease of length and crystallinity of nanocrystalline cellulose.
Khawas and Deka [166] combined chemical treatment and high-intensity ultrasonication to promote the isolation of cellulose nanofibers from culinary banana peel. The results showed that the combination of chemical and physical processes produced cellulose nanofibers with higher crystallinity and enhanced thermal properties and stability.
Cryocrushing is another mechanical method used in the fibrillation process of cellulose. This is a process in which water-swollen cellulosic material is immersed in liquid nitrogen, and then crushed with a mortar and pestle. The brittle fracture of the nanofibers in this mechanical process is made possible by the intense freezing, inducing brittleness, in combination with intense mechanical forces. Cryocrushing has been found to be effective in the case of Kraft fibers after refining, which promotes both delamination and swelling [196] [198] .
Alemdar and Sain [198] have extracted cellulose nanofibers from wheat straw by a chemical treatment, resulting in purified cellulose where the material obtained was subjected to cryocrushing to isolate individual nanofibers. The resulting nanofibrils measured 20 -120 nm in width, with the majority measuring 30 -40 nm. Wang and Sain used cryocrushing on soybean stock. Transmission electron microscopy showed that the diameter of the nanofibers was in the range of 50 -100 nm and the XRD analysis showed that their degree of crystallinity was about 48%.
All of the mechanical methods listed involve high consumption of energy, which can cause a dramatic decrease in both the yield and fibril length [223] . Thus, current research has focused on environmental conservative, high efficiency and low costs methods to isolate nanocellulose [224] . The pretreatment of cellulose or a combination of two or more methods have produced positive results in this regard.
Polymeric Nanocomposites Based on Cellulose Nanofillers
The polymer nanocomposites with cellulose nanofiller as reinforcement phase have properties that depend on the characteristics of the cellulosic nanofillers, polymeric matrix and the interaction between them. Polymer matrices of natural [1] [174] have been used in the preparation of nanocomposites with cellulose nanofillers. The processing techniques are also an important factor in determining the final properties of cellulose nanocomposites.
The Effect of Cellulose Nanofillers Addition on the Properties of Polymeric Nanocomposites
Several studies have reported the effect of adding cellulose as nanofiller in polymeric matrices on their mechanical [14] Helbert, Cavaillé and Dufresne [235] reported that latex films of poly (styrene-co-butyl acrylate) containing 30 wt% of cellulose whiskers exhibited a modulus approximately 1000 times higher than that of the pure polymer. According to these researchers, this pronounced increase in the effect on the modulus is assigned to the geometry and stiffness of the cellulose whiskers.
A study conducted by Cao, Dong, and Li [246] showed that on polyurethane (PU) nanocomposite films obtained by casting, the addition of CNC caused a significant increase in the values of both the Young's modulus and tensile strength of these materials. The Young's modulus increased exponentially relative to the amount of nanocrystals added until the content of CNC reach 10 wt%. The tensile strength increased from 4.3 to 14.9 MPa when the NCC concentration increased from 0 wt% to 30 wt%. The researchers concluded that these results on the mechanical properties of the nanocomposites resulted from strong interactions between the matrix and the CNC, which restricted the movement of the chains of the polymer matrix, therefore hindering its deformation.
Nakagaito et al. [13] , in their study of nanocomposites based on MFC and poly (lactic acid) (PLA), found a linear increase in the Young's modulus and tensile strength, with an increased MFC concentration. The researchers proposed a new manufacturing process, similar to papermaking, which enables the production of thin sheets made of uniformly dispersed MF with PLA. As a result, the gain in Young's modulus and tensile strength was twice and three times higher, respectively, for the material with 70 wt% of MFC than that with 10 wt% of the filler.
Gong et al. [247] conducted a study on the mechanical properties of systems obtained through extrusion of poly (vinyl acetate) reinforced with cellulose nanofibrils isolated from the wood of coniferous tree. The results showed that the addition of 10 wt% of cellulose nanofibers caused an increase of 20% in tensile strength and 59% in the Young's modulus of the nanocomposite relative to the values of these properties found in the polymer matrix processed without the addition the nanofiller. The results of these studies demonstrate that, in general, regardless of the type of polymer employed or processing, the addition of cellulose nanofillers as a reinforcement phase in polymer matrices is able to improve the mechanical performance of the resulting materials. Furthermore, the addition of cellulose nanofiller also affects the elongation of the materials. Samir et al. [248] investigated the mechanical properties of nanocomposites based on polyether and cellulose nanocrystals from tunicate. The stress at breaking and modulus of the materials increased with the CNC concentration, while the elongation at break decreased from 82% to 57%, with the incorporation of 1 wt% CNC in the polymeric matrix. For larger values of CNC concentration, the elongation at breaking remained virtually unchanged.
Wu et al. [230] noted that, while the elongation at breaking increased by the addition of cellulose nanofibrils on the PU matrix, when conventional microscale cellulose was added to the matrix they observed a decrease in this property. According to researchers, this behavior is possibly related to the different cellulose-matrix interactions in nanocomposites than conventional composites. According to Jordan et al. [249] , poor interactions between the reinforcement and the matrix cause a decrease in elongation and strength of the material. On the other hand, the modulus does not seem to be dependent on these interactions.
In addition, the concentration of these nanoparticles also has an important effect on some other properties of the nanocomposites. For example, Zimmermann, Pöhler, and Geiger [250] , in their work on nanocomposites of PVA and cellulose microfibrils isolated from sulfite pulp, observed that the addition of 5 wt% of cellulose did not increase the tensile strength or stiffness of the PVA composites. Therefore, minimum filler content is required to induce strong interactions between the polymer and fibrils. Shi et al. [251] produced PLA films containing 1 wt%, 5 wt%, and 10 wt% of CNC. The modulus reached its maximum value in the film containing 5 wt% of CNC. Khan et al. [242] , while studying chitosan films, found increases of 43% and 87% for the modulus of the films with CNC content of 1 wt% and 5 wt%, respectively.
However, this optimal concentration of cellulose nanofiller in the nanocomposite may vary depending on the system under study. Wu et al. [230] found that the optimal concentration required to reach the higher values for mechanical properties of elastomeric nanocomposite was 5 wt% of cellulose. The resulting nanocomposites show an increased strain-to-failure, in addition to an increased stiffness and strength, compared to the unfilled PU. The average true strength for the composition with 5 wt% of cellulose was 257 MPa, compared with 39 MPa for the neat PU, and showed the highest strain-to-failure. The increase of mechanical strength of the composite with cellulose nanofiller addition is evident. However, this increase occurs until a determined amount of nanofiller addition, which, according to Silva et al. [41] , in most systems, is around 10 wt% cellulose. According to this researchers, a cellulose concentration higher than 10 wt% results in the agglomeration of nanoparticles, which causes a phase separation in the material, and compromises its mechanical properties.
Paralikar, Simonsen and Lombardi [239] analyzed the dispersion of cellulose nanocrystals in PVA and poly (acrylic acid) (PAA) membranes using polarized optical microscopy. The results indicated that the dispersion of nanocrystals in the polymer matrix was homogeneous for composites with a CNC concentration up to 10 wt%. In this study, mechanical tests showed that membranes with 10 wt% of CNC had the highest tensile strength, tensile modulus, and toughness of all the membranes studied Apart from mechanical properties, several studies have shown that the addition of cellulosenanofillers improves the performance of the materials with respect to thermal properties. Studies have shown that the thermal stability of polymer nanocomposites increases with the addition of cellulose nanofillers [235] [237] [252] . Qua et al. [174] reported that the thermal stability of nanocomposites, based on PVA with both MCC and flax nanofibers, increased compared to that of a pure matrix. According to researchers, the initial weight loss at 75˚C was due to a loss of moisture, which occurred in all samples. The weight loss rate was similar in all materials until the temperature reached 217˚C. Above this temperature, the material decomposition rate showed a significant decrease in the presence of cellulose nanofibers, and reached a maximum difference of about 70˚C, relative to the decomposition temperature of PVA without reinforcement. The researchers attributed this result to the restricted mobility of the polymer chains due to the addition of cellulose nanofibers and their homogeneous distribution in the polymer matrix.
Visakh et al. [253] evaluated the thermal stability of nanocomposites prepared using cellulose nanocrystals extracted from bamboo waste, as the reinforcement phase, and natural rubber, as the matrix phase. It was observed that the thermal stability of these materials increased with an increase in the CNC concentration. The increase in the thermal stability for natural rubber by the addition of CNC may be associated with the high amount of interphase with restricted chain mobility generated, due to the large surface area of the nanofiller. As a result of this mobility restriction, the polymer chain scission can be retarded as well escape of byproducts. In addition to thermal stability, many researchers have investigated the effect of adding cellulose nanofiller on the thermal transitions of the polymer matrix. Some researchers reported an increase in the glass transition temperature, T g , of polymeric films with the addition of cellulose nanofillers [15] [254] . In other studies, the effect of the addition of cellulose nanofillers on T g was inconsistent [240] [255] or even insignificant [248] . The results for the melting temperature, T m , in polymeric systems with cellulose nanofillers addition have also been controversial in some cases. According to Wu et al. [230] , the presence of cellulose nanofibrils results in a smaller portion of the matrix participating in the glass transition rather than a consistent increase in T g .
Mathew and Dufresne [255] , in their study on nanocomposites prepared from waxy maize starch plasticized with sorbitol and tunicin whiskers, observed that the T g of the matrix first increases until the whisker concentration was around 10 -15 wt%, and then decreased when higher concentration of cellulose was added. The increase in the T g was attributed to the increase in crystallinity of the matrix with the addition of up to 15 wt% of whiskers tunicate. According to researchers, the addition of whiskers leads to a restricted mobility of the amorphous chains of amylopectin in the starch. This restriction on the chain mobility is associated with the formation of physical cross-links induced by crystallization. For contents greater than 15 wt% of whiskers, researchers suggested that sorbitol was ejected from the crystalline domains into the amorphous domains of the matrix during the crystallization, which led to an increase on mobility of the chains in the amorphous phase and hence decreased the T g .
Samir et al. [248] developed nanocomposite materials in a film prepared from poly (oxyethylene) and a stable aqueous suspension of cellulose nanocrystals extracted from tunicate. Differential scanning calorimetry (DSC) measurements performed on the nanocomposites showed no significant influence of the CNC content on T g . The melting temperature is also found to be roughly constant in low concentrations of whiskers, up to 10 wt%. However, for higher filler loading, the T m value decreased significantly. Researchers proposed two different effects that could ascribe this decrease of T m values. The first was a morphological phenomenon and could be related to a decrease in the size of polyolefin elastomer (POE) crystallites, due to the formation of a close cellulose network within the matrix, mainly for high filler concentration. This effect could restrict the growth of POE spherulites. The second effect could originate from the strong interactions between ether oxygen groups of POE and hydroxyl groups of cellulose that occur as a result of the high specific area of the whiskers.
Siqueira et al. [238] produced films based on polycaprolactone (PCL) with different concentrations of nanocrystals extracted from a tropical plant, referred to as Luffa cylindrica. The surface of CNC was chemically modified with n-octadecyl isocyanate. Both the modified and unmodified nanocrystals were used to produce the nanocomposites. The thermal properties evaluated showed that the T g value presented a slight increase when adding CNC but no further significant modification was observed when varying the filler concentration. This result suggested that the Luffa cylindrica nanocrystals restrict the rotational backbone motions of the PCL polymer chains through the establishment of hydrogen bonding forces. The addition of surface-chemical grafted nanocrystals promoted a slightly more significant increase in T g of the PCL matrix, in comparison to the addition of unmodified nanocrystals, likely due to a greater restriction of mobility. Similar behavior was found in the melting temperature. Adding either unmodified or modified cellulose nanocrystals, the T m presented a slight increase. However, the CNC content did not exert any effect on this parameter.
In some studies, the T g is not generally affected by the increase in the concentration of cellulose nanocrystals. Nevertheless, researchers have observed a slight increase in the T g of the polymer matrix [256] [257] . The addition of cellulose nanocrystals in films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in the study of Yu, Qin and Zhou [176] , promoted an increase on Tm from approximately 130˚C to 156˚C for the film with 5 wt% of CNC and to 168˚C for the film with 10 wt% of CNC. According to these researchers, this result was an indication that the crystalline perfection of the nanocomposites of PHBV/CNC was enhanced by the presence of the cellulose nanofiller.
Many researches have demonstrated that the addition of cellulose in polymeric matrices affects the crystallinity of the produced materials [258] - [266] .
Lu, Wang and Drzal [258] prepared composites based on microfibrillated cellulose and polyvinyl alcohol. In this study, the results showed that the crystallinity of PVA presented a small increase with 1 wt% of MFC, and then it slightly decreases for higher contents of the nanofiller (above 5 wt%). According to these authors, the increase in crystallinity is possibly due to the nucleating effect of the nanosized fibers. Santos and Tavares [267] evaluated the effect of addition of MCC on the crystallinity of the PLA films obtained by casting solutions. The pure PLA film was amorphous, while films with MCC showed crystallinity. The results found by these researchers indicated that the MCC acted as nucleating agent in the system. The addition of cellulose not only promoted the appearance of crystallinity in the films, but also caused a gradual increase in the degree of crystallinity with increasing cellulose concentration.
The same phenomena were observed for tunicin whisker reinforced plasticized starch [255] , cellulose nanowhiskers reinforced PHBV [259] , cellulose nanocrystals reinforced PCL [266] , and for many other materials [18] [259]- [265] .
The barrier properties of nanocomposites based on PLA and MCC were studied by Petersson and Oksman [268] . This study showed that the oxygen permeability of PLA greatly increased with the addition of cellulose. Permeability is a function of the distance (tortuous path) that molecules have to travel through the material. One factor that can increase this distance is the shape of reinforcements. In this work, the authors concluded that the geometry of the MCC was not effective in blocking gas molecules, because their nanoparticles shape was not capable to increase the tortuous path and travel through polymeric matrix.
On the other hand, Angellier et al. [269] found interesting barrier properties caused by the addition of starch nanocrystals in the form of platelets in natural rubber. They concluded that, although the starch presents a hydrophilic nature, which could cause an increase in the permeability of water vapor in rubber, the morphology of starch nanocrystals served as a barrier to the transmission of water vapor throughout the elastomeric matrix. The oxygen permeability of the materials was also evaluated. The results showed that the higher the starch content, the lower the permeability to oxygen. The reduction in oxygen permeability was 17.9%, 20.3%, and 47% for compositions containing 10, 20, and 30 wt% of starch nanocrystals, respectively.
The presence of crystalline fibers has been related to a slower diffusion of water, and hence, a lower permeability [240] . The barrier properties are enhanced if the nanofiller is less permeable and have both a good dispersion in the matrix and a high aspect ratio [270] .
Dufresne, Dupeyron, and Vignon [271] observed that the water absorption for the starch films decreases linearly with the increase in the content of cellulose whiskers. Lu, Weng, and Cao [272] found near linear results for the decrease in water absorption with increasing concentration of cellulose whiskers in polymer nanocomposites. Researchers attribute this behavior to the occurrence of hydrogen bonding between the nanocomposite components that tend to stabilize the starch matrix when subjected to atmospheres with high humidity. The high degree of crystallinity of cellulose was also associated to the reduction of water absorption in the nanocomposites.
The water vapor barrier property of nanocrystalline cellulose reinforced chitosan-based biodegradable films was evaluated by Khan et al. [242] . Incorporation of CNC significantly improved the barrier properties. Water vapor permeability of the chitosan/CNC films was decreased by 27% for the optimum 5% (w/w) CNC concentration. Swelling studies revealed a decrease in water uptake of the CNC-reinforced chitosan films. Researchers attributed the improved barrier properties to the presence of crystalline regions in the films.
Plackett et al. [273] prepared two types of micro-fibrillated cellulose using either a sulfite pulp containing a high amount of hemicellulose or a carboxymethylated dissolving pulp. Both kinds of MFC were used to produce films with amylopectin. These films were evaluated in relation to the oxygen barrier. The results showed that, regardless of the MFC employed, the film showed low oxygen permeability compared to the permeability presented by the film containing only amylopectin.
Cellulose nanofillers, due to their hydrophilic characteristics, may also be used to obtain barrier membranes to hydrophobic substances such as many toxic chemicals [274] . Paralikar, Simonsen and Lombardi [239] developed polymeric membranes using PVA as the matrix, PAA as crosslinking agent and cellulose nanocrystals. Researchers studied the permeability of these membranes to trichlorethylene, a toxic compound used as solvent and especially for degreasing metal parts. The results showed that the addition of CNC reduced the permeability of the membranes to trichlorethylene.
Compatibility between Cellulose Nanofillers and Polymer Matrices
The chemical compatibility between the filler and the matrix plays an important role in the dispersion of the par-ticles in the matrix and in the adhesion between the phases [42] . Due to the hydrophilic surface of cellulose, interactions between cellulosic nanofillers and hydrophilic matrices are generally satisfactory [275] . On the other hand, the addition of cellulose into hydrophobic matrices results in poor matrix-filler interactions [42] .
The addition of cellulose nanofillers in nonpolar matrices, due to its highly polar surface, may lead to some problems associated with low interfacial compatibility, low resistance, water barrier and formation of aggregates [229] . In order to improve the compatibility between cellulose nanofillers and hydrophobic matrices, several cellulose surface modifications have been proposed. These modifications can be performed by different reactions involving the hydroxyl groups, such as esterification, to improve their compatibility with nonpolar polymers [276] . Some of the most common surface chemical modifications of cellulose nanoparticles are summarized in Figure 4 .
Freire et al. [229] modified the surface of cellulose fibers by acylation using fatty acid in order to obtain nanocomposites with polyethylene. The chemical modification of the surface of the cellulose fibers resulted in an improved interfacial adhesion between the fibers and the matrix, which was evidenced by an increase in both the mechanical properties and thermal stability and by decreasing the water absorption capacity.
Raquez et al. [277] produced nanocomposites based on PLA and cellulose nanocrystals by extrusion. In this research, the CNC surface was directly modified in an aqueous suspension in the presence of functional trialkoxysilanes, bearing various organic moieties (alkyl, amino, and (meth)acryloxy). Researchers observed that the integrity of the nanocrystals was preserved after silanization, therefore attesting to the efficiency of the process under the investigated conditions. The results showed that there was an increase in both the crystallinity and thermomechanical properties of extruded materials, therefore indicating that the functionalization fulfilled its purpose of reducing the thermal sensitivity of CNC and strengthen the matrix-filler interactions.
The addition of surfactants may also improve the compatibility between hydrophobic matrices and cellulose [42] [278]- [280] . Hubble et al. [42] proposed that the use of a surfactant would increase the matrix-cellulose compatibility in nanocomposites. The improved performance could be explained not only by the improved wettability and adhesion between phases, but also due to a more uniform distribution of nanofiller within the matrix. However, according to Samir, Alloin, and Dufresne [11] , the use of cellulose nanocrystals with chemically modified surfaces has a greater applicability than the use of surfactants as dispersing agents, due to the high specific surface area of the nanocrystals, which requires a high amount of surfactant, leading to an impairment of the mechanical properties of the formed composite.
Grafting the polymer onto the filler is also an effective way to improve the interfacial adhesion of the fillermatrix. A remarkable advantage of this technique is that it permits the addition of dried cellulose nanofiller directly to the melt polymer, which represents an almost essential requirement towards the development of solvent-free industrially-scalable fabrication process [179] .
Feng et al. [2] produced bionanocomposites of chitin whisker-graft-polycaprolactone (CHW-g-PCL) by initiating the ring-opening polymerization of caprolactone monomer onto the whiskers surface under microwave radiation. The results showed that an increase of the PCL content in CHW-g-PCL promoted an increase in the strength and elongation of the nanocomposites and also their hydrophobicity. Additionally, the entangling of grafted PCL chains facilitated the transferring of the stress to rigid CHW, and therefore, fully played the reinforcing function of rigid CHW.
Goffin et al. [281] employed a graphitization technique to produce cellulose-based nanocomposites. In this study, poly(ε-caprolactone)-grafted cellulose nanowhiskers were dispersed in the commercial PCL matrix. The results showed that the nanocomposites exhibited an excellent interfacial compatibility of the nanofiller-matrix, and that their thermo-mechanical and rheological performances were largely enhanced. These grafting techniques have shown promising because of the possibility of polymerization of different monomers as well as the possible formation of copolymers.
Chemically modified cellulose nanocrystals (CNCs) synthesized by grafting PHBV onto CNCs were prepared by Yu and Qin [282] . In this work, a new approach was used to prepare grafted cellulose, combining the advantages of CNCs backbone and hydrophobic PHBV side chains, which can improve the hydrophobicity of CNCs and thus promote the desirable compatibility with hydrophobic polymer matrices. According to the authors, grafted CNCs exhibited great potential for their applications as reinforcing agents for hydrophobic polymer due to their good crystallization ability, better thermal stability, and favorable hydrophobicity.
Another method that has potential to promote improvement in filler-matrix interactions is admicellar polymerization of monomers on the cellulose surface. Admicellar polymerization is one in situ polymerization techniques used to modify the material surface by coating it with a polymeric nanofilm on the surface [283] - [285] . Admicellar polymerization is a process of four main steps ( Figure 5 ) surfactant adsorption onto the surface of solid particles, resulting in admicelles formation; adsolubilization of monomers into admicelles; polymerization and washing of the outside layer of surfactant [284] . Treatment of natural cellulose fiber by admicellar polymerization has been successfully carried out in many researches [283] - [289] . Boufi and Gandini [289] conducted a study on the formation of polymeric films on the surface of cellulose fibers by admicellar polymerization. They used styrene, methyl methacrylate and 2-ethyl hexylacrylate as monomers in the reaction. The results showed that admicellar polymerization produced a strong increase in the hydrophobic characteristics of the cellulosic surface.
Tragoonwichian, O'rear and Yanumet [285] studied the use of admicellar polymerization to improve UV protection and water repellency of cotton fabric. A characterization of the surface of the fabric confirmed the presence of a thin polymer film and produced a significant reduction in the UV transmission in the analyzed sample. The UV protection factor in the cotton fabric increased from 4 to a value greater than 40.
Sangthong, Pongprayoon and Yanumet [286] studied the admicellar polymerization of sisal fiber and the effectiveness of its use as reinforcing filler in order to improve the mechanical performance of an unsaturated polyester resin. The results showed that addition of nanofiller treated by this method in the polymer matrix provided a better performance with regard to tensile properties, flexural, impact resistance and hardness of the materials produced.
This method provides some important advantages over conventional methods for surface coating. The process is simple and the use of chemicals is minimal [290] [291] .
Another advantage is that the process is environmentally friendly, since it can be performed in an aqueous solution, without any organic solvents.
Cellulose Processing of Polymer Nanocomposites Reinforced with Cellulose Nanofillers
The processing techniques used to obtain the nanocomposites are of great importance in determining the final properties of these materials. The choice of processing technique is conditioned to the intrinsic properties of the cellulose nanofiller and the matrix, such as solubility, dispersibility and degradation [11] . Some processing techniques have been used to make cellulose nanofiller reinforced polymer nanocomposites such as solution casting [15] [139] and electrospinning [293] - [298] .
In solution casting process, the cellulose nanofillers can be dispersed in water or in an organic medium, depending on the nature of the polymer matrix.
Because of the high stability of aqueous dispersions of cellulose nanofiller, the water has been the preferred medium to preparing these nanocomposites [138] . Due to this fact, water soluble matrices have been widely used in the production of nanocellulose-based nanocomposites [11] .
Many researchers have produced composite materials with cellulosic materials in hydrophilic matrix polymers. A commonly applied method is to cast a film, and then to allow it to dry by slow evaporation [18] [101] [103] [299]- [301] .
Regarding the nonpolar polymer nanocomposites, an alternative way to process these materials consists in the dispersion of the matrix in an adequate organic medium. In this case, the cellulose nanoparticles should be coated with a surfactant or have their surface chemically modified in order to reduce their surface energy and improving their dispersibility/compatibility with nonpolar media.
In general, the process to obtain nanocellulose-based nanocomposites by casting starts with mixing the nanoparticles suspension and the dispersed or solubilized polymer matrix. Homogeneous suspensions of this mixture are generally obtained by magnetic stirring. A step of degassing under vacuum to remove air of the suspensions can be proceeded [185] . The nanocomposite films can be produced from this mixture by three general techniques that consist in casting on a suitable surface followed by evaporation, freeze-drying and compression molding, or freeze-drying, extruding, and then compression molding the mixture [27] . There is also a less common technique for obtaining these nanocomposites films by casting that consists in their production by crosslinking in situ an unsaturated matrix after solvent casting using a thermal or photo cross-linking agent [302] .
Cellulose-based nanocomposites films can also be prepared by partial dissolution. Generally, this process is used in the preparing of "all-cellulose" nanocomposites or composites. In these materials, both the filler and the matrix are cellulose. Therefore, the matrix and reinforcement phases are completely compatible with each other, allowing efficient stress transfer and adhesion at their interface [303] [304] . Different cellulosic micro-and nanofibers have been used to produce all-cellulose composites and nanocomposites, including ramie fibers [305] [306], microcrystalline cellulose [307] , filter paper [308] [309], bacterial cellulose, [310] commercial microfibrillated cellulose [309] , cellulose nanowhiskers [311] and beech pulp [312] . This approach consists of a partial cellulose dissolution step and subsequent regeneration of dissolved cellulose in the presence of undissolved fibres. Different solvents have been used to produce these materials, including N,N-dimethylacetamide/lithium chloride (DMAc/LiCl) [305] [307] [308] [310], ionic liquid [309] and sodium hydroxide (NaOH)/urea [311] . Among these solvents, DMAc/LiCl is especially popular because of its ability to dissolve cellulose under moderate conditions [304] . "All-cellulose" composites have also been produced via solution casting of a mixture of cellulose suspensions [307] .
Cellulose-based nanocomposites can also be produced by melt-compounding methods. Melt-compounding processes involve the incorporation of cellulose nanofillers into thermoplastic polymers by using thermal-mechanical mixing (compounding) and the extrusion of the melt mixture. After these processes, the composite material also can be compression molded into specific test specimen geometries [139] [161] .
The use of cellulosic material has been reported in some studies involving compounding and extrusion [281] [292] [313] - [318] . There are two main challenges when including cellulosic materials in extruded or compounding composites products. One of them is the possibility of degradation of the cellulose, and the other is about the dispersion of the cellulose particles in the matrix. Generally, cellulose nanoparticles are obtained as a stable suspension of the material in aqueous medium and then they are isolated by drying and the obtained powder is used in melt-compounding. The hydrophilicity of cellulose promotes irreversible agglomeration during drying and aggregation in nonpolar matrices during the compounding or extrusion because of the formation of additional hydrogen bonds between amorphous parts of the cellulose nanoparticles [319] .
The degradation of cellulose during these processes can result from either the high temperatures required in compounding and extruding or the very high shear stresses employed. Thus, a careful control of processing parameters is needed to minimize the cellulose degradation.
Hajji et al. [320] studied the tensile behavior of poly (Sco-BuA)/tunicin whisker composites prepared from three different manners that were extrusion, hot pressing and evaporation. The authors classified processing methods in ascending order of their reinforcement efficiency (tensile modulus and strength). According to the authors, the ascending order of efficiency was extrusion, hot pressing, and evaporation. This evolution was associated to probable breakage and/or orientation of whiskers during processing.
Chazeau et al. [313] attempted to minimize mechanical breakdown of cellulose nanoparticles by heating the mixture just enough to melt the polymeric matrix, then mixing to get a good dispersion of the nanoparticles, and finally molding the composite structure. The analysis of the materials by transmission electron microscopy showed that the typical length of the whiskers was not modified during the processing of the composites.
Bondeson and Oksman [317] used an anionic surfactant (5, 10 and 20 wt%) to improve the dispersion of cellulose whiskers in the PLA matrix to produce nanocomposites by extrusion process. The results showed that increased surfactant content resulted in improved dispersion but at the same time degraded the PLA matrix. The results from mechanical testing showed a maximum modulus for the composite with 5 wt% of surfactant and as the surfactant content increased, the tensile strength and elongation at break was improved compared to its unreinforced counterpart.
Soulestin et al. [318] pioneered an innovative way to improve the uniform distribution of a cellulosic component in a polymeric matrix. The authors injected water into the mixture during extrusion of cellulose fibers in low-density polyethylene (LDPE). However, there was evidence of substantial degradation of the cellulose when using this approach.
Oksman et al. [252] pump the cellulose nanocrystals during the melt extrusion of cellulose nanowhiskersreinforced biodegradable matrices nanocomposite, and the results indicate that the dispersion of cellulose nanofibers improved when they were incorporated into the two-screw extruder with liquid feeding compared to dry mixing.
Recently, Pereda, Kissi and Dufresne [321] used a physical compatibilization approach using poly (ethylene oxide) (PEO) as compatibilizing agent to improve the dispersibility of CNCs into linear low density polyethylene (LLDPE) processed by melt extrusion.
Studies on reactive extrusion of polymers in presence of fillers or nanofillers have been reported as strategy to enhance the compatibilization between hydrophobic matrices and hydrophilic cellulose [281] [322]- [325] . Goffin et al. [281] prepared nanocomposites based on PCL reinforced with surface-grafted cellulose nanowhiskers via reactive extrusion processing. The results showed that an excellent dispersion of the cellulose nanowhiskers within PCL matrix was achieved and the thermo-mechanical and rheological performances were largely enhanced as a consequence of the excellent interfacial compatibility. Recent studies [324] on in situ reactive extrusion of polyhydroxybutyrate (PHB) with cellulose in the presence of dicumyl peroxide initiator led to improvement in the glass transition temperature and onset degradation temperature (~22˚C).
Electrospinning has been also used to produce cellulose-based nanocomposites. Electrospinning is a variation on fiber spinning processes [27] . Spinning is a process that involves forcing a polymer melt or solution through a small orifice, and then coagulating the polymer in a solution or drying atmosphere [27] . Electrostatic fiber spinning or "electrospinning" utilizes an electrical charge to draw a positively charged polymer solution from an orifice to a collector [303] . This technique is capable of producing micrometer to nanometer-scale fibers, and it is a versatile method of preparing fibers with diameters ranging from several microns down to 100 nm [326] .
In general, the cellulose nanoparticles are dispersed within a given medium, and polymer solutions are mixed with the cellulose nanoparticle dispersion. This solution/suspension is typically maintained at a set temperature within an insulated syringe with a metal needle. With application of pressure and high voltage, a jet of solution/ suspension is accelerated out of the needle and toward a target (e.g. vertical plate, continuous spooler) at a given distance under a given set of environmental conditions [326] . The solvent evaporates as the fiber moves between the source and the collector, causing the polymer to coagulate and form a composite fiber [27] .
Cellulose whiskers obtained from bacteria were incorporated into POE nanofibers with a diameter of less than 1 μm by the electrospinning process to improve the mechanical properties of the electrospun fibers [327] . The cellulose whiskers were found to be globally well embedded and aligned inside the fibers, even though they were partially aggregated. Electrospun polystyrene (PS) [293] , PVA [296] and PCL [328] microfibers reinforced with cellulose nanocrystals were obtained by electrospinning.
Applications
Cellulose nanoparticles present the potential for diverse industrial applications, and their use in nanocomposites has been extensively studied [42] . Within the field of nanocomposites, several possible applications have been cited including solidified liquid crystals for optical applications such as security paper [329] , and mechanical reinforcing whiskers for low-thickness polymer electrolytes in lithium batteries [103] [330] [331] . Recently, an organic display system has been developed from nanocellulose. It is expected that this type of product could bring about a transformative change in communication display systems, and the technology seems likely to spread throughout different sectors of the electronics and telecommunications industries [42] .
Hubbe and Rojas cite other possible applications of cellulose whisker technology, including their use in medicine [42] . By modifying the cellulose surface with a fluorophore, Dong and Roman [332] produced fluorescently labeled cellulose nanocrystals that could be used as markers in nanomedicine. The results showed that fluorescent cellulose nanocrystals allow the use of fluorescence techniques, such as spectrofluorometry, fluorescent microscopy, and flow cytometry. This technology enables the study of various mechanisms, such as the interaction between cellulose nanocrystals and cells, and the in vivo biodistribution of cellulose nanocrystals.
The biomedical community has begun to exploit the hydrophilic qualities of cellulose in the development of hydrogels. Hydrogels have proved to be highly suitable materials for medical and pharmaceutical applications such as drug delivery, tissue scaffolds, actuators, sensors, and valves [42] .
Several investigators have suggested the use of cellulose nanoparticles in the development of support scaffolds for tissue or bone regeneration [333] - [335] . The function of these scaffolds is to provide not only a surface for cell growth, but also the mechanical and structural support needed for the original tissue while the new tissue is formed [336] .
Pooyan, Tannenbaum, and Garmestani [337] used cellulose acetate propionate and cellulose nanocrystals to develop nanocomposite scaffolds for vascular tissue engineering. The resulting vascular biomaterial exhibited excellent mechanical properties when tested at human body temperature. The researchers primarily attributed these results to the unique properties of the cellulose nanocrystal dispersion and the mechanical stability of the rigid interconnected percolation network within the polymer matrix. Sasha et al. [338] developed and evaluated the biological properties of cellulose-hydroxyapatite nanocomposite membranes for bone regeneration. Membranes were tested in tibial bone defects of rats after 1, 4, and 16 weeks. No inflammatory reaction was observed in vivo after one week, and the defects were completely filled with new bone tissue at four weeks, thereby demonstrating the efficacy of the membranes for bone regeneration.
Cherian et al. [339] developed cellulose nanocomposites with nanofibres isolated from pineapple leaf fibers and polyurethane (PU) to produce implants for medical application. The medical implants were fabricated in desired molds using non-woven nanocellulose mats and PU film with 5 wt% of nanocellulose. The produced material proved to be very versatile, having the potential to be used in wide range of medical applications, such as cardiovascular implants, scaffolds for tissue engineering, repair of articular cartilage, vascular grafts, urethral catheters, mammary prostheses, penile prostheses, adhesion barriers and artificial skin.
In addition to these applications, cellulose-based nanocomposites have the potential for use in various types of barrier film applications. Dogan and McHugh [229] described the preparation of edible films that can serve as protective coatings on food.
Conclusions
Interest in the use of cellulose nanoparticles as components within polymeric nanocomposites has been growing in the last several years due to their wide availability, low weight, biodegradability, renewability, and outstanding mechanical properties.
Cellulose has been shown to be a material with great potential to improve the performance of polymeric matrices, especially with regard to mechanical resistance. Due to these improved properties, there is a wide range of potential applications for nanocellulose-based nanocomposites, such as packaging products, electronics, cosmetics and biomedical applications.
However, to take advantage of the great potential of these materials, some aspects should not be disregarded. The major challenges to the use of cellulose nanofillers in nanocomposite production have involved the dispersion of the nanoparticles, and the lack of cellulosic surface compatibility with a variety of polymers. In addition, the water-swellable nature of cellulose can be a concern in various composite materials.
Recent studies show that considerable progress has been achieved in addressing these challenges, thereby improving the potential to use cellulose-based nanofillers in nanocomposites designed for use in a wide range of applications.
